We investigated the polarization characteristics of a mode-locked fiber laser gyroscope 1MLFLG2 formed with a Nd-doped fiber as an optical gain medium and a Sagnac loop mirror. The output pulse patterns and the polarization states were found to be determined by fiber birefringence in the different sections of the MLFLG. We describe the conditions for the MLFLG to operate with automatic reciprocity leading to the possibility of phase-error-free operation.
Introduction
There has been considerable effort to develop highperformance fiber-optic gyroscopes based on the Sagnac effect, and the gyroscopes are beginning to be put into practical use for both military and commercial applications. 1 One of the fundamental characteristics of fiber gyroscopes is that the optical intensity output from the Sagnac interferometer has a sinusoidal dependence on the rotation rate input. A number of different signal-processing techniques have been developed to achieve a linear scale factor with high sensitivity. 2, 3 The electronic and@or optical signal processing dramatically increases the complexity of a fiber-optic gyroscope. Recent demonstration of a mode-locked fiber laser gyroscope 1MLFLG2 4, 5 opened up new possibilities of simpler fiber gyroscopes with direct output in the form of time intervals between successive optical pulses 1instead of intensity2 as a function of rotation rate. As in the case of conventional interferometric fiber-optic gyroscopes 1IFOG2, the polarization property of the MLFLG plays an important role in the performance of a gyroscope.
The effects of fiber birefringence in the IFOG are well understood. 6, 7 For reciprocal operation of the IFOG, it is necessary to use high-cost components such as a polarizer at the input-output port, and polarization-maintaining fibers and couplers to maintain the output and input polarizations exactly the same. In this paper we analyze the polarization characteristics of the MLFLG that turns out to be different from that of a conventional IFOG. It is found that, under certain conditions, the MLFLG configuration without polarizer at the input-output port of a Sagnac loop mirror actively determines its polarization state, which automatically satisfies the reciprocal operation of the gyroscope. This can lead to a much simpler fiber gyroscope configuration.
The MLFLG has a laser cavity formed with a fiber amplifier with a planar mirror at one end and a conventional passive Sagnac loop interferometer at the other end, as shown in Fig. 1 . The Sagnac loop interferometer functions as a loop mirror in the laser cavity and also as a sensing element for rotation. The phase modulator in the Sagnac loop modulates the phase difference between the counterpropagating waves in the loop, resulting in modulation of the reflectivity of the loop mirror. If the phase modulator is driven sinusoidally at a frequency that corresponds to the longitudinal mode spacing of the laser, the laser output is mode locked and two pulses for each modulation period are generated at times when the reflectivity of the loop mirror is maximum, as described in detail in Ref. 4 . With the rotation of the laser cavity, the neighboring optical pulses are shifted in time by the same amount 0Dt0 but in opposite directions:
where T is the round-trip time of light in the laser cavity, f m is the amplitude of phase-difference modulation, and Df R is the rotation-induced nonreciprocal phase shift. The timing shift is the result of pulses produced at moments when the nonreciprocal phase shift induced by rotation is canceled by that produced by the phase modulator. From the time separation of the nearest pulses, the rotation rate can be deduced.
Analysis
For analysis of birefringence effects in the laser cavity, it is convenient to use Jones matrices A, C \ , C x , and D for the propagation of light between different points 1a, b, c, d2 in the cavity as shown in Fig. 2 1A for a = b,
If all the components in the cavity are reciprocal, the Jones matrices that represent the counterpropagating waves should be the transpose of the respective representations. 6 For simplicity of presentation, C \ , C x , and D can be combined such that
where 1 ⁄2 B and 1 ⁄2 B T represent clockwise and counterclockwise propagation of light in the Sagnac loop from b to b in Fig. 2 , respectively. If the directional coupler in Fig. 2 is a polarization-insensitive 50@50 coupler, and if we neglect excess loss in the optical fiber, B should be a unitary matrix. Even with excess loss without polarization dependence, B is a constant times a unitary matrix. In the following analyses, B is assumed to be a unitary matrix.
A. Reflectivity of the Loop Mirror
If E in and E out are the input and output electric fields of the loop interferometer at b in Fig. 2 , then
where f NR is a nonreciprocal phase shift that can be produced by rotation or by the phase modulator in the loop mirror. The reflectivity of loop mirror R depends on the input polarization state E in :
where
In this notation 1 ⁄211 1 l s 2 corresponds to the reflectivity when there is no nonreciprocal phase shift.
Although not obvious from the above expression, l s is independent of the input polarization state. This characteristic comes from the fact that the sum of a 2 3 2 unitary matrix and its transpose matrix is also a constant times a unitary matrix. The quantity e is a phase offset produced by a nonzero l a . The magnitude of l a lies between OE 1 2 l s 2 and 2 OE 1 2 l s 2 and depends on the input polarization state E in . For any two orthogonal input polarization states, the corresponding l a 's are equal in magnitude with opposite sign. This property of the Sagnac loop can be used to build an unpolarized gyroscope. 8, 9 If the condition l a 5 0 is satisfied, an IFOG will operate without phase error e. An ideal gyroscope operation can be obtained without the help of a polarizer when l s 5 1 and, therefore, l a 5 0 for any arbitrary input polarization state. If l s , 1, only certain input polarization states can satisfy the condition l a 5 0, and they form a specific great circle on a Poincare sphere. In this case the output polarization states are identical to the input polarization states. Furthermore, if l s , 0 and l a 5 0, the reflectivity of the Sagnac loop mirror has a minimum value at zero Sagnac phase shift, which corresponds to the case of a p phase offset described in Ref. 9 .
B. Lasing Condition
The lasing polarization states should be determined so that the polarization states before and after one round trip in the laser cavity are the same. For a given nonreciprocal phase shift f NR , the polarization state at the planar mirror 1position a in Fig. 22 E m should satisfy the following equation with an h eigenvalue:
The solutions for eigenvectors E m depend on the nonreciprocal phase shift f NR , making the situation complicated. It is important to note that, if one polarization state is a solution of Eq. 152 at a certain f NR 0 , its orthogonal polarization state is also a solution at 2f NR 0 . Because of the phase modulator in the loop mirror, f NR is a periodic function of time, and therefore the solutions of Eq. 152 are also time varying. One can expect to get a time-varying and rotation-rate-dependent output polarization state from the laser. When the laser is mode locked through a pure amplitude modulation, the polarization state and the timing of output pulses should satisfy the following
If l s as defined in Eq. 142 is positive, two orthogonal polarization states always exist that satisfy the two requirements at f NR 5 0. Since the reflectivity is maximum at f NR 5 0, these polarization states satisfy the reciprocity required for a conventional IFOG, i.e., input polarization E in and output polarization E out of the Sagnac loop mirror at position b are the same. Therefore we can designate the modelocked pulses at f NR 5 0 as reciprocal pulses. Figure 3 shows the timing of a reciprocal pulse when there is no rotation. Figure 31a2 is the functional form of Eq. 142, Fig. 31b2 is the differential phase modulation provided by the phase modulator with a period equal to the cavity round-trip time, and Fig. 31c2 is the modulation waveform for the reflectivity. The arrows represent the timing of reciprocal pulses. There are two pulses for each cycle of phase modulation.
It should be noted that these reciprocal pulses are automatically generated in an optical circuit with random birefringence without the help of a polarizer and polarization-maintaining components. This unique feature distinguishes the MLFLG from the conventional IFOG and can play a key role in realizing a fiber gyroscope without requiring highperformance specialty fiber components.
If f NR fi 0, the two requirements cannot always be satisfied simultaneously. If a polarization state satisfies these requirements at f NR 0 , then its orthogonal polarization state also satisfies these requirements at 2f NR 0 . These are nonreciprocal pulses in that the light that passes through the loop mirror in opposite directions experiences differential phase shift f NR 0 1or 2f NR 0 2. Figure 4 shows an example of the timing of nonreciprocal pulses when there is no rotation input. The solid lines in Figs. 41a2 and 41c2 and the solid arrows in Figs. 41b2 and 41c2 represent the functional forms of Eq. 142 and the timing of the pulses, respectively, for one polarization state. Likewise, the dashed lines and arrows represent those for the orthogonal polarization state. From Figs. 3 and 4 it can be seen that the two orthogonal nonreciprocal pulses are generated at symmetric positions in the time domain about the reciprocal pulses.
Experiment
A Nd-doped 29-m-long double-clad fiber 1provided by Polaroid2 was used for the fiber amplifier that was Fig. 3 . Timing of reciprocal pulses when there is no rotation input: 1a2 the relationship between nonreciprocal phase shift f NR and reflectivity of the Sagnac loop mirror for reciprocal operation, 1b2 differential phase modulation provided by a phase modulator in the Sagnac loop, 1c2 modulation waveform for reflectivity of the Sagnac loop mirror. Arrows in 1b2 and 1c2 represent the timing of reciprocal pulses. Fig. 4 . Timing of nonreciprocal pulses when there is no rotation input: 1a2 the relationship between nonreciprocal phase shift f NR and reflectivity of the Sagnac loop mirror for nonreciprocal operation, 1b2 differential phase modulation provided by a phase modulator in the Sagnac loop, 1c2 modulation waveform for reflectivity of the Sagnac loop mirror. Arrows in 1b2 and 1c2 represent the timing of reciprocal pulses. In 1a2, 1b2, and 1c2 the solid and dashed lines represent the two orthogonal input polarization states to the Sagnac loop mirror.
pumped by a laser diode at 808-nm wavelength through a dichroic mirror 1see Fig. 52 . The Sagnac loop was formed with a 190-m-long conventional circular core fiber. An additional 53-m length of matching fiber section was inserted into the linear part of the cavity so that the proper modulation frequency for the Sagnac loop would equal the mode-locking frequency for the laser cavity. It was necessary to use the length-matching fiber for dominantly amplitude-modulated mode locking. The use of length-matching fiber also provides a sufficient modulation depth and reduction of the effect of birefringence modulation in the cylindrical piezoelectric transducer phase modulator. 10 The modulation frequency for mode locking was 580.8 kHz. Polarization controllers PC1 in the Sagnac loop mirror and PC2 in the linear section were used to modify the birefringence state in each part of the laser cavity. The output of the laser can be detected at any of the three ports in Fig. 5 with angled fiber ends to prevent backreflections. At one of the output ports, polarization controller PC3 was inserted to monitor the polarization states of pulses using a linear polarizer. Figure 6 shows the output of the MLFLG when the birefringence of the fiber circuit is such that the reciprocal and nonreciprocal pulses are present simultaneously. The upper trace is a signal applied to the piezoelectric transducer phase modulator in the Sagnac loop. 1Note that the differential phase modulation waveform would shift in phase with respect to the applied signal.2 Within one period of the phase modulation waveform, there are two groups of optical pulses 31a2-1c2 and 1d2-1f 24. Each group consists of one reciprocal pulse at the center 31b2 and 1e24 and two nonreciprocal pulses at symmetric positions about the reciprocal pulse 31a2, 1c2 for 1b2, and 1d2, 1f 2 for 1e24. The existence of reciprocal pulses was determined only by the polarization controller in loop mirror PC1. The nonreciprocal pulses could be controlled by both PC1 and PC2. The behavior of the optical pulses is consistent with that predicted in Figs. 3 and 4. Figure 7 shows two particular cases of the MLFLG output for different polarization controller settings. In Fig. 71a2 only reciprocal pulses can be seen. This output pattern could be achieved in the following two ways. One way was by adjusting PC1 to maximize the output power through tapping coupler DC2 in the absence of phase modulation and rotation input. This process maximizes the reflectivity of the loop mirror when f NR 5 0 and l s in Eq. 142 approaches unity whereas l a approaches zero. In this case, the adjustment of PC2 in the linear part of the cavity did not influence the output signal pattern. The other way was to adjust PC2 to eliminate nonreciprocal pulses for a given setting of PC1 that produces pulses as shown in Fig. 6 . The reciprocal pulses could not be eliminated by the adjustment of PC2. In Fig. 71b2 only nonreciprocal pulses can be seen. One can achieve this signal pattern by adjusting the PC1 to maximize lasing threshold without phase modulation and rotation input. This process minimizes the reflectivity of the loop mirror when f NR 5 0, corresponding to negative l s , making it impossible for the reciprocal pulse to lase. Figure 8 illustrates the polarization characteristics of reciprocal and nonreciprocal pulses. Figures 81b2 and 81c2 were obtained with a polarizer in front of the detector for the output in Fig. 81a2 , which is the same as Fig. 6. For Fig. 81b2 the polarizer and polarization controller PC3 in Fig. 5 were adjusted so that one of the nonreciprocal pulses could be blocked. Figure 81c2 was obtained by rotating the polarizer angle by 90°, showing that the two nonreciprocal pulses around a reciprocal pulse are orthogonally polarized. From the observation that the reciprocal pulses could not be completely blocked by adjusting PC3 and the polarizer, one can conclude that reciprocal pulses have two orthogonal polarization components with different optical frequencies.
Conclusion
We have examined the polarization characteristics of a mode-locked fiber laser gyroscope without a polarizer. The general output pulses of the MLFLG can be categorized into reciprocal and nonreciprocal pulse groups. Reciprocal pulses automatically satisfy the reciprocity required for fiber gyroscopes, opening up the possibility of much simpler and better gyroscopes. The properties of reciprocal pulses are determined by the birefringence of only the Sagnac loop. On the other hand, the properties of nonreciprocal pulses are affected by the birefringence of both the loop and the linear part. The nonreciprocal pulses can be easily separated from reciprocal pulses in the time domain, even when nonreciprocal pulses are present. The experimental and theoretical analysis can be used for further development of the MLFLG. Fig. 8 . Polarization characteristics of reciprocal and nonreciprocal pulses: 1a2 output of the MLFLG detected without a polarizer in front of the detector, 1b2 and 1c2 output detected through a polarizer as shown in Fig. 5 . The polarizer settings for 1b2 and 1c2 were orthogonal to each other. Arrowed pulses are reciprocal pulses.
